This paper presents a rebuttal to Dublyansky (2007) , which misrepresents technical issues associated with hydrothermal activity at the proposed Yucca Mountain nuclear waste repository and their importance to the long-term performance of the repository. In this paper, questions associated with hydrothermal activity are reviewed and the justification for exclusion of hydrothermal activity from performance assessment is presented. The hypothesis that hydrothermal upwelling into the present-day unsaturated zone has occurred at Yucca Mountain is refuted by the unambiguous evidence that secondary minerals and fluid inclusions in the unsaturated zone formed in an unsaturated environment from downward percolating meteoric waters. The thermal history at Yucca
Introduction
The subject paper named above misrepresents technical issues associated with hydrothermal activity at the proposed Yucca Mountain nuclear waste repository and their importance to the long-term performance of the repository. The paper describes purported inadequacies in analyses presented in early versions of technical reports prepared by the repository program, and in the Yucca Mountain Science and Engineering Report prepared for the Yucca Mountain site recommendation (DOE, 2001 ). The response below shows that the conclusions of the subject paper are not consistent with the available technical and regulatory information.
The potential for upwelling waters at Yucca Mountain in the next 10,000 years has been the subject of several investigations (as examples: Quade and Cerling, 1990; Stuckless et al., 1991; Vaniman et al., 1994; and Whelan et al., 2002) . A previous exchange on the origin of secondary minerals from the unsaturated zone and from nearsurface deposits near Yucca Mountain is documented in the literature (Hill et al., 1995; Stuckless et al., 1998; Hill and Dublyansky, 1999) . The origin of near-surface deposits was also considered by an independent, expert peer review (National Research Council, 1992) , which found little technical merit in the idea of upwelling waters at Yucca Mountain.
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More recently, the interpretation of fluid inclusion data as evidence for hydrothermal activity in the geologic past was investigated in a research program funded by the U.S. Department of Energy that was supported by scientists from the University of Nevada and other institutions (Wilson et al., 2003) . The results continue to show no evidence for upwelling fluids of hydrothermal origin in the unsaturated zone at Yucca Mountain.
Dr. Dublyansky states that the repository risk assessment "…must be based on a thorough understanding of the relevant processes that may affect repository performance and on site-specific information…" (Dublyansky, 2007 , Section 1), but does not discuss the regulatory and technical understanding that must be used to determine which processes are included in the quantitative risk assessment. While a thorough understanding of the relevant processes that may affect repository performance is certainly needed, there is not a requirement for a mathematical model of all historical geological events and processes that have occurred at Yucca Mountain for millions of years (NRC, 2003, p. A-4) . Rather, the risk assessment focuses on those features, events, and processes (FEPs) that have may have a significant impact on the future performance of the repository. After thorough evaluation, the resumption of hydrothermal activity at Yucca Mountain was excluded from the risk assessment on the basis that it would not significantly change estimates of the future performance of the repository (DOE, 2008, Each of these points and supporting information is addressed in more detail in the following sections. These sections are organized around: (1) description of the hydrothermal activity process that was excluded from performance assessment, (2) Page 4 of 4 November 2008 justification for exclusion, (3) evidence for the downward movement of water through Yucca Mountain, and (4) discussion of the thermal history of Yucca Mountain.
The Hydrothermal Activity FEP
Postclosure risk assessment for the Yucca Mountain repository relies on systematic screening of features, events, and processes (FEPs) to determine which need to be included in the assessment. The analysis of FEPs for Yucca Mountain performance assessment (SNL, 2008a) is the culmination of years of development, and is now available in one volume that supersedes numerous previous reports and revisions. The screening criteria for FEPs are taken directly from the controlling regulation (10 CFR part 63), and allow exclusion of FEPs that are either very unlikely or that would have little or no impact on overall performance. Specifically, a FEP can be excluded from the analysis if it has less than one chance in 10,000 of occurring within 10,000 years. A FEP can also be excluded on the basis of low consequence if there is sufficient evidence that the magnitude and timing of the resulting radiological exposures to the reasonably maximally exposed individual, or radionuclide releases to the accessible environment, are not significantly changed by its omission. The Timber Mountain caldera (11 to 10.5 Ma) is near Yucca Mountain and represents the last significant heating event for the site (Whelan et al., 2008, Section 6.3) . The Timber Mountain event produced peak fluid-inclusion homogenization temperatures near 90ºC, occurring at more than 9 Ma , Figure 8 and Table 4 ).
The current FEP exclusion justification reviews the geologic evidence for hydrothermal activity at Yucca Mountain, including thermal history information derived were determined for calcite that is clearly older than 4 to 5.3 million years. The chemical composition of calcite changed between 2.8 and 1.9 million years ago to include a few percent magnesium, and this calcite lacks two-phase inclusions, thereby indicating precipitation at ambient temperatures (Wilson et al. 2003) .
Additional evidence of elevated paleo-temperatures at Yucca Mountain comes from observations of thick-twinned calcite in older, minor faults intercepted in the exploratory tunnels at Yucca Mountain (Gray et al., 2005) . Whereas such twinning indicates elevated secondary formation temperatures, estimated to be above 170ºC (Ferrill et al., 2004) , these samples may have resulted from much earlier, higher-temperature activity associated with emplacement and devitrification of the tuffs. Gray et al. (2005) Mountain is therefore expected to be negligible.
Supporting Evidence for Downward Moving Waters
Secondary minerals sampled from the unsaturated zone near Yucca Mountain resulted from downward percolating meteoric waters and not from upwelling groundwaters (Wilson et al., 2003, Sections 7.3 and 8; National Research Council, 1992, p. 3) .
Evidence for precipitation in vadose conditions includes: (1) only 1% to 40% of the lithophysal cavities are mineralized with calcite and opal coatings in a given area, whereas precipitation in a saturated environment would predict that most, if not all sites would be mineralized (Marshall et al., 2003 , Section 2); (2) mineralization is restricted to the floors of cavities and footwalls of fractures (Marshall et al., 2003) ; (3) Section 7); and (4) trace element composition of the Tiva Canyon unit (overlying the repository host rock) shows that meteoric processes prevailed after initial cooling, and there is no evidence for hydrothermal alteration (Marshall et al., 1996) .
As discussed in the Yucca Mountain Science and Engineering Report (DOE 2001, p. 4-402) the Nuclear Waste Technical Review Board (NWTRB; Cohon, 1998) reviewed a group of reports submitted by the state of Nevada, including one that cited fluid inclusion studies which the authors claimed indicated a high-temperature origin for secondary calcite sampled from the exploratory tunnels at Yucca Mountain (Dublyansky and Reutsky, 1995) . The NWTRB concluded that the fluid inclusion data are consistent with the explanation of downward percolating meteoric waters and do not indicate upwelling waters. This result is consistent with the conclusions of an earlier peer review by the U.S.
National Academy of Sciences (National Research Council, 1992).
The NWTRB also recommended further fluid-inclusion studies to be performed in conjunction with radiometric age determinations. In response, the DOE sponsored research at the University of Nevada, Las Vegas (UNLV) and the U.S. Geological Survey (USGS) on radiometric age and thermal history indicated by fluid inclusions.
Representatives of the state of Nevada participated in the sampling program, and in biannual meetings to review and interpret the data. The general conclusions reached by the USGS and UNLV researchers were that the fluid inclusions formed from downward percolating meteoric water in a vadose environment, and that there is no evidence for mineral precipitation at elevated temperatures (above ambient) during the past 1.9 My (DOE, 2001, p. 4-402) .
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Also, strontium in samples of calcite collected underground at Yucca Mountain is more radiogenic (greater 87 Sr/ 86 Sr ratio) in successively younger calcite, which is consistent with an origin of downward moving, meteoric water reacting with rocks so that deeper units accumulate radiogenic strontium (Marshall and Whelan, 2000) . Stable carbon isotopic ratios ( 13 C/ 12 C) in calcite also show trends that can be related to past changes in the plant community at the ground surface, reflecting known changes in climate (Whelan and Moscati, 1998) .
Discussion of the Thermal History of Yucca Mountain
The main eruptions that created the units comprising the unsaturated zone at Yucca
Mountain occurred from approximately 13.3 to 11.4 Ma (Sawyer et al., 1994 ; rounded to the nearest 0.1 Ma). As stated above, the Timber Mountain volcanic center was the last significant thermal event to affect Yucca Mountain. Large-scale hydrothermal alteration found in the saturated zone, primarily north of the proposed repository site, has been linked to long-lasting thermal effects from the Timber Mountain event. Bish and Aronson (1993, p. 155) found evidence of illite/smectite reactions with ages as recent as 9 to 10
Ma, associated with Timber Mountain, and which could have persisted for 1 My or longer. Later work examined δ 18 O in illite/smectite clays and clinoptillolite (Feng et al., 1999) , and corroborated the saturated zone and Timber Mountain associations of the hydrothermal signature. Three-dimensional characterization of the zeolitization of vitric tuffs at Yucca Mountain (Bish et al., 2003) shows similar trends, with a marked south-toPage 12 of 12
November 2008 north trend in alteration of the Calico Hills unit, and alteration of only deeper strata to the south and west, consistent with a deep hydrothermal mechanism. All of this evidence for large-scale hydrothermal activity is found only in the saturated zone, or in units altered by the former saturated zone at 10 Ma, and is clearly associated with the remnants of silicic volcanism immediately to the north of Yucca Mountain.
The subject paper (Dublyansky, 2007 , Section 4) discusses an early version of a conductive thermal model developed by the USGS ). This increased heat flux in the Basin and Range province are strongly linked to trends in lithospheric thickness and rates of tectonic extension (Lachenbruch and Sass, 1978, pp. 243-244) . Crustal extension is associated with stretching and thinning of the lithosphere, which results in magmatic upwelling from the asthenosphere, intrusion of basaltic dikes into the lithosphere, and accretion of basaltic material at the base of the lithosphere (Lachenbruch and Sass, 1978, Figure 9-8) . Mathematical models of crustal heat flow that include the effects from extension and upwelling of the asthenosphere have been compared with observations of heat flux and relative extension rates from the Basin and Range, to develop quantitative relationships between extension and heat flux (Lachenbruch and Sass, 1978, Figure 9-14) . Applying the history of extension at Yucca
Mountain over the last 16 million years from Snow and Wernicke (2000, Figure 12 ) with the correlations between extension and heat flux from Lachenbruch and Sass (1978, Figure 9-14) , the history of geothermal heat flux at Yucca Mountain can be assessed. The history of extension shows a steady decline from 13 Ma to the present, and the corresponding heat flux decreases steadily from more than 300 mW/m 2 during the time of silicic magmatism, to less than 100 mW/m 2 at present. This long-term behavior of heat flux is an important factor that helps explain paleo-temperature indications from the unsaturated zone at Yucca Mountain.
The subject paper also discusses the merits of an alternative explanation: that elevated paleo-temperature in the unsaturated zone at Yucca Mountain was caused by the presence of additional overburden (Dublyansky, 2007, Section 4.2) . It was estimated that the overburden was approximately 100 m higher and has subsequently eroded. The paper asserts that an additional 1100 m of overburden would be required for simulation results
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November 2008 to match observations. However, this assumes present-day heat flow and thermal conductivity of 1.3 W/m-K for the overburden tuffs. Where they have been intercepted by drillholes (Geslin and Moyer, 1995) , the post-Tiva Canyon (overburden) tuffs in the region are tens of meters thick and mostly nonwelded, higher-porosity facies similar to the existing nonwelded vitric units at Yucca Mountain (Moyer et al., 1996) . Such facies have a thermal conductivity that is approximately half the value used by Dublyansky and Polyansky (2007, Table 2; see BSC, 2004b, Table 6-13) . Therefore, a plausible explanation for the thermal history at Yucca Mountain, as represented in the fluid inclusion and radiometric age data, can be made on the basis of known tectonic extension and silicic magmatism over the same time period. The long time scales of these processes are such that any effects of tectonic extension or silicic magmatism on hydrothermal activity at Yucca Mountain over the next 10,000 years would be negligible.
In summary, the repository host rock in the unsaturated zone at Yucca Mountain was subjected to early alteration during cooling of the ash flow and devitrification, followed by large-scale hydrothermal effects associated with nearby magmatism, and finally the longer-term cooling and elevated heat flow associated with gradually decreasing rates of crustal extension. There is no indication that nonmagmatic, deep water circulation has driven any hydrothermal activity at Yucca Mountain, and the subject paper offers no plausible geologic mechanism through which nonmagmatic, deep circulation could start in the next 10,000 years consistent with current understanding of regional geology. The current local thermal regime at Yucca Mountain has been associated with the Eureka Low, a region where heat flux is below the average for the Great Basin (Sass, 1988 , pp. (Cohon, 1998) , which confirms that secondary minerals in the unsaturated zone precipitated in a vadose zone environment.
Summary and Conclusion
This response describes the current basis for screening of the FEP on hydrothermal activity and identifies technical problems with the criticisms in the subject paper (Dublyansky, 2007) . There is no evidence for any large-scale hydrothermal activity in the unsaturated host rock at Yucca Mountain, since eruption of the tuffs comprising the host rock units. Secondary mineralization indicates that ambient temperatures (similar to present-day) have prevailed for approximately the past 2 My. Available evidence, supported by peer review and independent scientific investigations, shows that fracture minerals were precipitated from downward percolating meteoric waters, rather than from upwelling hydrothermal waters (Wilson et al., 2003, Sections 7.3 and 8; DOE, 2001, p. 4-402; NWTRB; Cohon, 1998 found only for saturated-zone conditions and associated with silicic magmatism older than 10 Ma. Any igneous activity that occurs at the site during the next 10,000 years would be basaltic, with hydrothermal effects that are quite limited in duration and magnitude. Future, large-scale hydrothermal activity would be limited by the availability of geothermal heat flow, and therefore would take longer than 10,000 years to develop significant effects on repository performance.
Much discussion here is given to whether fracture minerals precipitated from upwelling or downward percolating waters, and to interpretation of the thermal history of Yucca Mountain. However, while hydrothermal activity occurred at Yucca Mountain in the geologic past, there is no evidence that the effects of past hydrothermal activity, beyond the mineralization that is already included in the performance assessment, are significant to repository performance. And there is no evidence that future hydrothermal activity (not presently active) could be significant.
Section 7 of the subject paper stipulates several corrective actions that, given the supporting information used in FEP screening as described here, would be inappropriate.
The definition of the hydrothermal activity FEP was changed in 2004, making it applicable to a broader range of hydrologic conditions. The FEP screening justification is not limited to mineral alteration, but also includes qualitative analysis of evidence for downward percolating waters, and of the thermal history of Yucca Mountain. A quantitative, phenomenological model for past hydrothermal activity at Yucca Mountain is not critical for exclusion of the FEP. Rather, the FEP is excluded because the evidence for hydrothermal activity indicates that, to the extent this process occurs in the next 10,000 years, it will have a negligible effect on the performance of the repository, i.e.,
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Accordingly, the subject paper incorrectly criticizes the basis and technical validity of the FEP screening justification, and no "error" was made in the FEP screening justification process.
